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ASTFRACT

Resul',. of oxidation-corrosion test evaluations on numerous aircraft turbine engine lubricants are given.
Lubricant type, include those related to specifications MIL-L-7808, MIL,-L-9236, MIL-l-23699, and M:L-L-27502.
as well as a nurn -r of experimental type fluids such as polyphenyl ethers. Blends of selected lubricants were also
examined. Test conditions were varied extensively in the study, with emphasis on the parameters of iime, tempera-
ture, airflow, metals, and reflux of condensable sample vapors. A major objective in investigations with conventional,
ester-type lubricants was .t comparison of relative performance for test series of short dtration and high temperature
versus long duration k26 d,,ys) and relatively low temperature. In addition, several experimental-type fluids were
evaluated in a test series ovei t temperature range of 600 to 680°F. This investigation was mainly concerned with
performance effects due to variation of metal types in the corrosion specimen set. The applicability of electro-
clearing of metal specimens was als1, explored with regard to improvement of the repeatability of corrosion data.
Volume I1 of this report contains a compilation of the individual test data sheets for all tests reported herein.

This abstract is subject to special export controls ad each transmittal to foreipn nationals may be made only with prior approval of
the Fuel, Lubrication and Hazards DiWision (APF). Air I orce Aet" Propulsion Laboratory. Wright-Patterson Air Force Basc, Ohio
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SECTION I

INTRODUCTION

This report describes studies carried out to investigate the oxidation and corrosion character stics of various
Air Force coded lubricants intended for application in aircraft gas turbine engines. The oxidation-corrosion test in its
various forms is normally the initial screening tool in the laboratory evaluation of candidate lubriuants. The rela-
tively low cost and ease of performance make the test an especially valuabic tool in that numerous fluids and
test conditions may be investigated for the intended service, basically, the test examines lubricant deterioration at
selected temperatures using an oxidizing atmosphere (air) and selected metal specimens. Fluid performance is
measured by changes in sample viscosity and acidity. Metal specimen attack is evidenced by coupon weight change
per unit surface area.

Test data presented herein were obtained under widely varying conditions and procedures. Evaluations con-
ducted with conventional and advanced ester-type lubricants covered a range of temperatures from 347 to 464°F
and durations from 48 hr to 26 days. Results were also obtained for several experimental lubricant formulations at
sample temperatures up to 680°F. For most test series, conditions were varied extensively with respect to test time,
temperature, airflow rate, metal specimen types, and reflux or nonreflux of condensable vapors.

In the later stages of this effort, the concept of lubricant breakpoints was introduced. This property, defined
in detail in a subsequent section of this report, was applie.d to both 100°F viscosity change and neutralization
number change. The breakpoints are expressed as a period of test time required to reach a specific rate of sample
degradation, and are intended as one type of measure of the lubricant's "useful life." Lubricant breakpoint may be
considered as an attempt to express precisely the fluid's induction period with respect to oxidative stability.

A test data sheet for each test reported herein is included in Volume I1 of this report. The data sheets are
arranged it, the order of test number.

Yi



SECTION 11

TEST APPARATUS AND PROCEDURES

d. •A. Test Glassware

The test sample tubes are constructed of standard wall 5 1 -nun Pyrex® tubing with a round bottom. A
standard taper 71/60 outer joint is provided at the tube top. Overall trbe length is 450 ± 10 mm.

The test tube head is constructed with a standard taper 71/60 ground-glass joint on the lower end which mates
with the test cell joint. The upper surface of the head is formed in a dome-shaped contour. Attached to this surface
are three female ground joints. A 10/30 joint is centrally located to accommodate the air tube. A second 10/30
joint, slightly offset from center, provides for temperature measurements and intermediate sampling. Offset and at a
90-degree position from the sampling port, a 24/40 joint is attached to relieve effluent vapors. Using the condensate
return procedure, a 300-mm Allihn condenser is directly attached to the latter joint. For test durations of 96 hr and
less, the condenser is water cooled. Reflux tests longer than 96 hr employ forced-air cooling of a 200-mm Graham
condenser at a flow of approximately I cfm. This procedure was adopted to allow for unattended operation during
weekends without the safety hazards associated with an overhead water system. The nonreflux test procedure
employs a connecting arm, with a 15-degree downward slant, between the 24/40 joint and an overboard condenser.
For this work, a 200-mm water-cooled Graham condenser was used.

An air delivery tube of standard 6-mm Pyrex® tubing, approximately 600 mm in length, is fixed in the upper
end of the head by means of a tapered Teflon@ thermometer adapter. The tip of the air tube is cut at a 45-degree
angle and rests directly on the bottom of the sample tube. A small glass collar of sufficient size to hold the metal
specimen is located 15 nun from the tip of the air tube. The bottom metal specimen rests directly on this collar, and
succeeding specimens are separated by glass spacers 6-mm wide, cut from standard 9-mm Pyrex® tubing.

B. Heating Units

TestF conducted at temperatures of less than 425"F utilized three thermostated oil baths. Test cell immersion
depth in these units is approximate!y 250 mm. Tests conducted at 425'F and above employed an aluminum block

heat medium. Cell immersion depth with this unit,
previously described in detail(1 ), is 250 mm, plus
100 mm of adjactunt (top) insulation.

The three oil baths employed in this work
include a rectangular, six-cell unit previously
described.( 2 ) Due to the increased number of
experiments desired, two additional units of cir-

,1cular configuration were fabricated. These units,
shown in Figure 1, will accommodate a maximum
of eight test cells each using either a nonreflux
glassware configuration or a reflux configuration
(Fig. 1) in which the Vapor condensers are
attached directly above the sample tubes.

The circular baths are equipped with a heavy
duty stirrer to provide bath oil agitation. Bath
heating is achieved by means of a 1500-watt cir-
cular immersion heater in conjunction with a

Figure I. Circular Oil Baths and Control Panel 750-watt heater of the same design. The 1500-watt

(I)Db.,iomsat of Lub&aat SaaaW.g Tests and Evalulation of Luabrcants far Gas Turbine Engines for Comnmeral Supersonic
Tnsamo ASD Technical Documentary Report 63-264, Part I, March 1963.
(2 )Ojdlatlon('�oeon hauractmistics of Aircraft Turbine Engine Lubtniants. AFAPL Technical Report 66-7, February 1966.



unit is a continuously-on element controlled by a variable transformer which is adjusted for optimum control during
operation. The 750-watt element is controlled by an adjustable thermister switch to obtain the final temperature
trim. The baths are capable of temperatures from about 250'F up to 5000F. The bath fluid is a 5P4E polyphenyl
ether lubricant (used) accumulated from various tests conducted at this laboratory.

C. Air Supply System

A precision air regulator is used to provide a constant air pressure to individual fine-thread needle valves from
the laboratory air line. The air is passed through a drying column, containing a calcium sulfate drier, then to a
manitold before reaching the individual test tube control valves and flowmeters. Each of the air flowmeters was
checked by meaur of water displacement calibrations in order to provide accurate measurement of the airflow rate.

D. Metal Test Specimens

The metal corrosion specimens are of the round washer type with dimensions 3/4-in. OD and 1/4-in. ID by
0.032-in. thickness. The following rnater iW designations apply to the metals which were used:

Aluminum QQ-A-250/4, temper T-3 or T4

Silver MIL-S-13282 (ord), Grade A

Copper QQ-C-576

Mild Steel AMS 5040

Magnesium QQ-M-44 (AZ3 IB)

Titanium AMS 4908

Stainless Steel MIL-S-5059 (ASG), grade 30 1,
half-hard

Bronze SAE-CA674

. Test Procedu.es

As previously indicated, test conditions employed in this program were varied extensively. In order to outline
these various procedures. Table I summarizes the pertinent conditions and techniques used. All temperatures Zited
herein refer to sample temperature, not 'he heat medium temperature which is normally 2 to 3°F higher.

All lubricant samples were analyzed to determine kinematic viscosity at 100 and 210•'F and neutralization
number. In evaluations using tile nonretlux apparatus, the overhead fluid was analyzed for 100'F viscosity and
neutralization number. Metal specimen attack was determined by weight difference. In addition, the coupons were
examined at a 20X microscope magnification to observe the type of metal corrosion, e.g.. pitting or etching.

Prior Io use, the metal specimens were prepolished with 240 grit silicon carbide abrasive P:iver. Final finishing
was performed with 400 grit paper. The individual specimens were then cleaned by benzene-we,ted cotton swab,
followed by acetone-wetted cotton swab.

Post-test preparation of' the metal specimens included a successive rinse in benzette and acetone to remove oil.
The individual specimens were benzene swabbed using a series of cotton swabs until clean swabs were noted. The
coupons were finally rinsed in benzene and acetone, air dried, and weighed.

I-or several tests, an electrocleaning procedure was employed following the normal spec'men c.•nmup. The
individual metals, except aluminum, were ,athodically cleaned in a hot (170 to I 90OF) caustic bath. The bath
coitained air aqueous solution of IS g/liter sodium hydroxide and 15 g/!iter trisoditrn phosplhate. The coupons were
cleaned as the cathode for a period of 15 to 30 sec using a current density ot'0.5 arp/ii . After removal from the
bath, the specimens were rinsd in cold water and cotton swabbed to remove loose deposits. The metals were
weighed after a final rinse in acetone. The aluminum specimens were soaked in concentrated nitric acid for a period
of' 15 rini, thett rinsed and processed as described above.

O.3
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Test glassware deposits and sludge were likewise recorded. After test, the entire sample was filtered through a
200-mesh screen to observe bulk sludge deposits. A 25-ml portion of the lubricant sample was then subjected to a
I -hr centrifuging at a relative force of 840 g's in order to measure suspended sludge.

F. Lubricant Performance Criteria

Lubricant oxidation-corrosion test studies traditionally utilize the sample performance criteria of viscosity
change and neutralization number. In a majority of tests described herein, these measures of lubricant performance
were applied in assessing fluid stability. However, for certain test series, the feasibility of applying an alternate set of
indices of lubricant performance, i.e., the "viscosity breakpoint" and "neutralization number breakpoint," was also
explored.

The "breakpoints" are defined in this report as the duration of test time required for either the lubricant
viscosity or the neutralization number to reach certain assigned rates of increase. Thus, a breakpoint based upon the
rate of viscosity increase is called the 'viscosity breakpoint," and that based upon the rate of increase of neutraliza-
tion number is called the "neutralization number breakpoint." Because of the significant variance in test durations
reported herein and, consequently, degradation rates, the breakpoints were differently defined according to test
time. Tests of 9-day duration and longer were subject to the following breakpoint definitions:

(1) Viscosity-time (days) for the 1000 F viscosity to reach a rate of increase of 1 cs/4 days

(2) Neutralization number-time (days) for the neutralization number to reach a rate of increase of I mg
KOH/g/4 days.

4' All tests of lesser duration were subject to the following breakpoint definitions:

(1) Viscosity-time (hr) for the 23 -o

1000°F viscosity to reach a
rate of increase of I cs/8 hr 222 -

(2) Neutralization number-time
"(hr) for the neutralization 21 - EAKPOINTS: NN--41a

number to reach a rate of in-
crease of I mg KOH/g/8 hr. 20o

For the latter category, actual test times 2

ranged from 48 to 192 hr. 1 6s

Figure 2 presents a plot of data 1 is
obtained in a 72-hr test at 401°F on •
lubricant 0-64-12. The graphs scales are Z
selected such that the tangent to the " - KOH"-
plotted curve yields a slope of one at thes"
defined degradation rate. Viscosity and 16- W

neutralization number breakpoints were I.-"
identified for this example at 52 and 41 15 - "- 2
hr, respectively. It will be noted that both
viscosity and acidity accelerated rapidly
once the breakpoints were attained. This 1

phenomenon is typical of deterioration
trends of a large majority of tests con- ,s ,L L .

ducted in this program, and was a signifi- 0 a 1s 24 32 40 40 6 64 72

cant factor in fixing the breakpoint defi- Time. HOURs

nitions previously given. Figure 2. Typical Lubricant Breakpoint Deteiminations
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SECTION III

TEST LUBRICANTS

A total of 119 lubricants and 22 lubricant blends were evaluated in the test program. Table 2 presents a listing
of the lubricants employed in this program, along with initial viscosity and izeutralization number data and available
information on lubricant types. A

Table 2. Description of Test Lubricants

0Oil Code Viacosi Y, cs Neut. No., Description-C100PF 210OF mg KOH/g

0-60-8 16.1 4.2 0.18 MIL.L-7808 E
0-60-18 12.1 3.2 0.19 MIL-L-7808 E
0-61-11 15.7 4.1 0.39 MIL-L-7808 E
0-61-17 15.7 3.6 0.04 MIL-L-9236 B
0-62-3 15.5 3.8 0.02 MIL-L-7808 G
0-62-4 15.0 3.9 0.11 MIL'L-7808 E
0-62-6 17.8 4.7 0.24 MIL'L-007808 F
0-62-7 17.4 4.2 0.01 MI LL- 7808 type
0.62-13 16.0 4.2 0.25 MIL-L-7808 E
0-62-16 16.8 4.4 0.22 MIL-L-7808 E
0.62-25 15.6 3.5 0.06 MILL-9236 B
0-63-1 17.5 4.6 0.23 MIL-L-7808 type
0-63-2 16.3 4.3 0.22 MJLL-7808 type
0-63-3 15.2 4.1 0.24 MIL-L-7808 type
0-63-8 13.8 3.5 0.15 MIL-L-7808 E
063-16 16.5 4.3 0.29 MIL-L-7808 E
0-64.1 26.0 5.1 0.10 MIL-L-27502 type
0-64-2 27.5 5.1 0.07 MIL-L-23699
0-64-6 14.7 3.6 0.18 MIL-L-7808 type
0-64-12 13.8 3.5 0,25 MIL-L-7808 D
044.13 28.4 5.3 0.28 MIL-L-23699
0-64-17 28.4 5.3 0.33 MIL-L-27502 type
0-64-18 16.8 4.3 0.11 MfL-L-7808 E
0-64-20 24.2 4.1 0.00 Aromatic ether, experimental
0-64-21 15.6 3.6 0.07 MIL-L-7808 type
0-64-22 18.3 4.1 0.17 MILL-7808 type
0-64-25 28.8 5.4 0.00 MIL-L-23699
0-64-26 12.8 3.1 0.33 MIL-L-7808 type
0-65-7 74.7 6.0 0.25 Experimental
0-65-14 17.7 4.7 0.24 Different batch of 0-62-6
0-65-1 3 27.2 5.0 0.02 MIL-L-23699
0-65-16 26.7 5.1 0.20 MIL-L-23699
0-65-18 17.6 4.6 0.21 Different batch of 0-62-6
0-65-19 17.7 4.7 0.25 Different batch of 0-62-6
0-65-20 17.8 4.7 0.26 Different batch of 0-62-6
0-65-21 15.1 3.8 0.07 Different batch of 0-62-3
0-65-22 15.2 3.7 0.00 MIL-L-7808 type
0-65-23 1126 3.2 0.20 MIL-L-7808 type
0-65-25 14.7 3.7 0.07 Different batch of 0-62-3
0.65-31 13.4 3.2 0.08 MIL-L-7808 G
0-65-33 18.1 4.1 0.14 MIL-L-7808 type
0-65-35 13.1 3.2 0.21 MIL-L-7808 type

6j



Table 2. Description of Test Lubticants (Cont'd)

Oil Code VIscst Neut. No., Description10oF_ 21oF mg KOHlu
0-65-36 28.3 5.3 0.14 MIL-L-23699
0.65-37 14.3 3.4 0.33 M1I-L-7808 type

0-65-38 14.3 3.5 0.11 M: G-L-7808 type
0-65-39 15.6 4.1 0.27 MIL-L-7808 type
0-65-40 13.7 3.3 0.11 MIL-L08 type
0-65-44 16.2 4.3 0.27 MIL-L-27502 type
0 O-66-1 12.9 3.2 0.27 MIL-L-7808 type
0-66-2 13.8 3.3 0.05 Same as 0.66-9
0-66-3 16.3 4.3 0.14 MIL-L-7808 type

0-66-5 15.0 3.8 0.05 Different brtch of 0-62-3
0-66-9 13.9 3.3 C.06 Different batch of 0.67-11
0-66-10 348.0 12.9 0.00 Formulated polyphenyl ether SP4E
0.66-11 16.4 4.3 0.16 MIL-L-7808 type
0-66-14 26.0 5.0 0.01 MIL-L-23699
0-66-15 28.6 5.4 0.14 Different batch of 0-65-36
0-66-16 26.0 5.0 0.01 MIL-L-23699
0-66-25 13.6 3.3 0.10 MIL-L-7808 type
0-66-26 274.5 26.3 - Experimental (fluorinated)
0-67-1 357.6 13.0 0.01 Different batch of 0-66-10
0-67-2 14.4 3.6 0.21 MIL-L-7808 type
0-67-3 12.8 3.1 0.24 MIL-L-7808 type
0-67-4 29.2 5.4 0.10 MIL-L-27502 type
0-67-3 13.6 3.3 0.22 Different batch of 0-65-31
0-67-6 13.4 3.3 0.03 MIL-L-7808 type
0-67-7 17.3 4.6 0.26 Different batch of 0-62-6
0-67-8 13.2 3.3 0.23 MIL-L-7808 type
0-67-9 14.8 3.7 0.04 Different batch of 0-62-3
0-67-10 17.3 4.6 0.26 Different batch of 0-62-6
0-67-11 13.3 3.2 0.05 MIL-L-7808 G
0-67-13 13.5 3.2 0.10 MIL-L-7808 type
0-67-19 12.5 3.2 0.12 MIL-L-7808 type
0-67-20 13.5 3.2 0.21 Different batch of 0-65-31
0-67-21 12.9 3.2 0.14 MIL-L-7808 type
0-67-24 13.0 3.5 0.24 MIL-L-7808 G
0-68-1 13.3 3.2 (.00 MIL-L-7808 type
0-68-5 16.3 4.0 0.20 MIL-L-7808 type
0-68-6 13.1 3.2 0.29 MIL-L-780&qype
ATL-401 26.3 5.1 0.11 MIL-L-27502 type
ATL-402 46.8 8.2 0.12 MIL-L-27502 type
ATL-405 34.4 6.3 0.09 MIL-L-27502 type
ATL-556 14.0 3.6 1.66 MIL-L 7308 09sed)

SATL-561 14.4 3.8 - MIL-L-7808 (used)
ATL-584 16.2 4.1 0.15 Blend (1:!) of 0-65-18 and O.65-21
ATL-652 15.6 3.5 0.19 MIL-L-9236 B (used)
ATL-719 16.4 4.0 5.86 MIL-L-7808 (used)
ATL-720 13.3 ',.4 0.38 MIL-L-7808 (used)

ATL-737 14.0 3.5 3.57 MIL-L-7808 (used)
ATL-753 13.7 3.5 0.23 MIL-L-7808 (used)
ATL-769 15.0 3.8 0.04 MIL.L.7808 type
ATL-770 15.0 3.8 0.04 MIL-L-7808 type
ATL-771 15.0 3.7 0.04 MIL-L-7808 type
ATL-7725 13.7 3.5 050 MIL-L-7808 (used)
ATL-7727 13.7 3.3 0.16 j MIL-L-7808 type

7



Table 2. Description of Test Lubricants (Cont'd)

0 .... Vilscosty.'cs Nut. No., DIsiption

Oil Code 00"Ml ! 210 F mg KOH/$ ...........

ATL-802 15.1 3.6 2.04 MIl-L-7808 type (used)
ATL-805 14.6 3.8 0.41 MIL-L-7808 (used)
ATL.806 14.3 3.5 0.45 MIL-L-7808 (used)
ATL-807 13.8 3.6 0.34 MIL-L-7808 (used)
ATL-808 13.4 3.4 0.39 MIL-L-7808 (used)
ATL.809 13.4 3.4 0.36 MIL-L-7808 (used)
ATL-810 13.9 3.6 0.32 MIL-L.7808 (used)
ATL-814 13.4 3.4 0.23 MIL-L-7808 (used)
ATL-825 14.1 3.6 4.26 MIL-L-7808 (used)
ATL-829 13.9 3.5 0.27 MIL-L-7808 (used)
ATL-830 13.6 3.4 0.80 MIL-L-7808 type (used)
ATL-831 14.5 3.5 0.28 MIL-L-7808 (used)
ATL-832 13.8 3.4 0.31 MIL-L-7808 (used)
ATL-833 13.3 3.5 2.22 MIL.L-7808 (used)
ALO-716.P625893 14.5 3.6 3.29 MIL-L-7808 (used)
ALO-717.P628985 13.9 3.5 1.57 MIL.L.7808 (used)
ALO-718-F622807 13.3 3.35 0.68 MIL-L-7808 (used)
MLO-62-1005 41.8 6.8 0.11 MIL-L-27502 type
MLO,62-1011 14.7 3.4 0.02 MIL-L.9236 B type
MLO-62-1012 26.9 5.3 0.37 MIL-L-27502 type
MLO.63.1002 46.8 8.2 0.16 MiI.L-27502 type
F-1041 354.5 12.9 0.00 Polyphenyl ether, 5P4E mixed isomers
G-1033 351.6 13.0 0.03 Sam as F-1041
J-1 115 16.3 4.2 0.17 Blend (1:1) of 0-65-19 and O-65-21
J- 1116 15.7 4.0 0.12 Blend (1:3) of O-65-19 and 0-65-21
3-1 117 17.0 4.4 0.20 Blend (3: 1) of 0-65-19 and 0-65-21
:-I! 18 15.3 3.8 0.09 Blend (1:9) of 0-65-19 and O-65-21
ilJ .119 17.4 4.6 0.23 Blend (9:1) of 0-65-19 and O-65-21

J 1126 16,2 4.1 0.16 Blend (1:1) of 0-65-18 and O.65-21
1-1127 15.6 4.0 0.12 Blend (1:3) of 0-65-18 and O-65-21
J- 128 16.9 4.4 0.20 Blend (3:1) of 0-65-18 and O-65-21
3J-1129 15.3 3.8 0.09 Blend (1:9) of 0-65-18 and O-65-21

J-1130 17.3 4.5 0.22 Blend (9:1) of O.65-18 and 0-65-21
K-1004 16.1 4.1 0.17 Blend (1:! ) of O-65-19 and 0.65-25

K-1005 154 3.9 0.12 Blend (1:3) of 0-65-19 and O-65-25
K-1006 16.9 4.4 0.20 Blend (3:1) of 0-65-19 and O.65-25
K-1007 15.0 3.8 0.09 Blend (4:9) of 0-65-i9 and 0-65-25

K-1008 17.4 4.5 0.23 Blend (9:1) of O-65-19 and O-65-25
K-105 1 390.6 13.3 0.00 Polyphenyl eth.-r, 5P4E type
K-1054 16.3 4.2 0.16 Different batch of J-II15
L- 1129 15.0 3.7 0.05 Blend (1: 1) of ATL-769 and ATL-771

L-1136 16.1 4.1 0.15 Blend (I:1) of 0-67-7 and 0-67-9

4M-1041 71.3 6.9 0.09 Blend (I: 1) of 0-64-20 and 0-67-I

14-1051 13.8 3.4 0.08 Blend (:! : 1I) of 0-67-9, 0-67-I1,
and 0-67-20

M-1052 13.6 3.4 0.16 Blend (1: 1: I: 1) of 0-67-9,0-67-I1,
0-67-20, and 0-67.24

M-11053 13.7 3.3 0.12 Blend (I: I: 1: 1) of 0-67-9,0-67-I1,
0-67-20, und 0.68-I

8=
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SECTION IV

TEST RESULTS AND DiSCUSSION

A. General Remarks

The subsequent discussion of results is divided into two broad categories according to test temperature.
Evaluations performed with conventional and advanced ester-type formulations were carried out within a tempera-
ture range of 347 to 464'F. Studies conducted with experimental type fluids, such as polyphenyl ethers and
variations thereof, covered a range of temperatures from 600 to 680'F.

The effects of various test conditions were explored in both categories. In the lower temperature range, a
major objective was the investigation of relative performance ranking when comparing short duration, high tempera-
ture (385 to 4010 F) data with long duration test results at 3470 F. This study was directed toward exar, wtion of
the validity of accelerated testing, i.e., the tradeoff of temperature for time. The principle of lubricant breakpoint
was first applied in this study, with neutralization number breakpoint being the primary criterion.

It should be noted that several of the high-airflow (130 liters/hr) tests included herein were previously
reported.(2) Where applicable, these data are repeated here in order to provide a more comprehensive picture of
lubricant performance.

B. Test Results in the Range 347 to 464°F

1. 18-Hr Oxidation-Corrosion Test Results. The 18--ir test procedure employed in this series was originally
developed(I.-) to provide reasonable correlation with 425°F engine tests conducted by AFAPL. The procedure
utilizes an airflow rate of 130 liters/hr with the nonreflux glassware configuration. Metal specimen set V (Al. Ti, Ag,
steel, and S.S.) is employed in this procedure.

Table 3 summarizes the results of this series performed with six lubricants. The objective of the work
was to determine the lubricants' temperature tolerance with respect to oxidation stability by increasing the test
temperature from an initial value of 425'F, in 25'F increments, until a sample viscosity increase at 1OOF of 100
percent or more was obtaintd. In Table 3, lubricants 0-65-1b and ATL-652 reached this level of degradation at
4250 F while 0-64-21. 0-64-22. 0-64-25, and O-65-15 showed a 1000 F viscosity increase in excess of 100 percent at
450'F. On the basis of viscosity increase, lubricant 0-65-15 gave the best performance; this oil, along with 0-64-25,
also showed the best performance on the basis of neutralization number. Significant metal attack was noted only for
silver in the 450'F test on 0-64-25. Lubricant O.65-15 indicated the best overall performance of the lubricants
evaluated at 450°F. while 0-64-22 indicated the best performance at 425'F.

2. Test Results in the Range 385 to 4010F. A total of 5 1 test lubricants were evaluated in an extensive test
series at 3850 F using a 48-hr procedure. This series utilized three basic sets of test conditions-- 130 liters/hr airflow
with reflux, 130 liters/hr nonreflux, and 10 liters/hr reflux. The normal metal specimen group for all tests was set I

(Al, Ti, Ag, steel, Cu, and Mg). A summary of data obtained in this series is given in Table 4.

In Table 4. attention is particularly cahed to the test airflow rate of 130 litershr which was used in both
reflux and nonreflux tests. As a consequence of the relatively high airflow, condensation efficiency was very low.
"Thus, only slight refluxing was actually obtained when using the condensate return configuration. This fact is
substantiated by oil loss data which indicated little or no difference in sample weight loss between reflux and
nunreflux tests on the test fluids at 3850 F. However, when the reflux test was performed at 10 liters/hr, a significant
effect was obtained. Sample weight loss for these tests was less than 10 percent in all cases.

-13Development of Lulecant Scmeruin Tests and Evdauation of Lubricants for Gas Turbine Engines fom Commercial Supersonic
transport. ASD Technical l)o•umentary Report 63-264, Patt II, May 1905.
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Table 3. Summary of !8-Hr Oxidation-
Corrosion Test Resilts

(Air rate, 130 liters/br; nonreflux)

Oil Test 1000F Vis Neut. No., Oil Loss, Significant Test
Code Temp, *F Increase, % mg KOH/g wt % Metal Attack* No.

0-64-21 425 36 3.93 24 None 149-I
450 5080 15.10 68 None 150.1

0-64-22 425 6 0.57 22 None 149-2
450 1235 9.99 65 None 150-2

0-64-25 425 16 1.05 11 None 188-1
450 2700 8.38 50 Ag 189-1

0-65-15 425 19 0.81 17 None 188-2
450 722 8.80 38 None 189-2

0-65-16 425 122 6.80 20 None 188-3

ATL-652 425 99 6.97 40 None 271-!
"425 115 7.21 42 None 271-2

*De."cd as a weight change of ±0.20 mg/cm 2 , or more. Metal set V (Al, Ti, Ag, steel, S. S.).

Table 4. Summary of 48-Hr, 385OF Test Results on Several Lubricants

Oil Air Rate, Condensate 100 0F Vis Neut. No.. Oil Loss,' Significant Test
Code liters/hr Return Increase, % mg KOH/g wt % Metal Attack* No.

0-60-8 130 No 390 1.67 60 None 127-I
10 Yes 6 13.91 4 Cu 230-i

0-60-18 130 No 25 1.10 50 All 127-2
130 No 25 0.98 50 None 200-3
130 Yes 31 1.00 52 None 200-4
10 Yes 6 2.13 2 Cu 230-2

0-61.11 130 No 118 1.38 54 Ag, Cu 143-1
130 No 88 1.17 60 Steel, Cu 127-3
10 Yes 4 8.39 3 None 227.5

0-62-3 130 No 72 1.21 42 None 127-4
130 Yes 69 1.08 43 None 166-1
130 Yes 73 1.12 43 None 163-1

10 Yes 0 1.54 2 None 230-3

0-624 130 No 10 1.45 58 None 143-2
130 No 113 1.95 55 None 127-5
130 Yes 79 1.14 54 None 164-1

C; Yes 0 !.1 3 Mg 2304
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Table 4. Summary of 48-Hr, 385 F Tests Results on Several Lubricants (Cont'd)

Oil Air Rate, Condensate 100'F Vis Neut. No., Oil Loss, Significant Test
Code Iiters/hr Return Increase, % mg KOH/g wt % Metal Attack* No.

0-62-6 130 No !18 22.4 57 Cu 127-6
130 No 119 2.06 57 None 165-1
130 No 129 1.78 58 None 143-3
130 Yes 58 5.01 54 None 164-2
130 Yes 49 10.78 54 Cu 163-2

10 Yes --12 5.30 3 Cu 230-5

0-62-13 130 No 144 1.54 57 Non! 137-1
10 Yes -6 2.86 3 Cu 232-2

0-62-16 130 No 70 13.96 57 None 137-2
130 Yes 110 21.9 57 Cu 163-3

10 Yes -9 6.42 3 None 227-3

0-63-8 130 No 20 0.50 35 Cu 137-3
10 Yes 7 1.63 2 Cu 232-6

0-63-16 130 No 170 1.14 91 None 137-4
130 Yes 153 I.17 55 None 163-4

I0 Yes -4 1.99 2 None 227-6

0-64-2 130 No 19 0.38 I5 None 143-6
130 Yes 18 0.31 16 None 164-3

10 Yes 15 0.41 4 None 226- i

0-64-6 130 No 31 3.20 35 Ag. Cu, Mg 195-4
130 Yes 30 3.28 34 Ag, Cu, Mg 195-i

0-64-12 130 No 14 1.27 31 AI] Ti, Al, steel, Mg 143-4
130 No 14 1.48 30 Ag. steel, Mg 255-I

10 Yes 7 -. 10 )2 Ti 226-2

0-64-18 130 No 27 1.09) 36 None 137-5
130 No 27 25X 35 None 255-2

10 Yes 2 5.13 3 None 226-3

3-64-20 130 No 109) 0.41 54 Cut 168-1
130 Yes 106 0.47 52 Cu 167-I

10 Yes II 0.52 3 None 226-6

0-65-14 130 No 577 28.'q 6w None 181-1
130 Yes 452 30.7 38 None 181-2
110 Yes 4866 22,3 58 Mg. Mgt 224-2

10 Yes 5 13.07 5 Cu, Mg 223-1
10 Yes 8 11. 0 4 Cu, Mg 255-3
10 Yes 3 1l.03 4 None 224-I

-A-____ ____ _____ _________ -------- A-------.... ____.. -_____



Table 4. Summary of 48-Hr, 385OF Test Results on Several Lubricants (Cont'd)

Oil Air Rate, Condensate 100OF Vis Neut. No., Oil Loss, Significant 'lest
Code liters/hr Return Increase, % mg KOH/g wt % Metal Attack* No.

0.65-18 130 No 148 1.85 59 None 183-1
130 No 80 14.44 56 None 201-6
130 No 177 1.66 59 None 202-4
130 Yes 129 1.68 54 None 183-2
130 Yes 227 28.0 57 Cu 202-3
130 Yes 143 1.13 54 Mg, Mgt 224-4

10 Yes --9 8.84 2 Cu 223-2
10 Yes -9 3.83 1 Mg, Mgt 224-3

0.65-19 130 No 59 1.29 45 None 183-3
130 No 167 1.91 58 None 200-1
130 Yes 48 10.49 52 None 183-4

10 Yes -- 11 8&02 3 Cu 223-3

0-65-20 130 No i44 1.77 57 None 222-2
130 Yes 122 1.80 56 None 222-1

10 Yes -- 11 10.47 3 Cu 255-4

0-65-21 130 No 76 1.25 45 None 183-5
130 No 82 1.21 47 None 200-2
130 Yes 174 26.4 54 Cu. Mg 183-6

10 Yes 0 1.63 3 None 223-4

0-65-22 130 No 15 1.23 27 None 195-5
130 Yes 15 1.21 27 Mg 195-2

0-65-23 130 No 14. 0.84 52 None 191-3
130 Yes 148 0.86 50 None 191-1

10 Yes 9 1.18 3 None 227-1

0-65-25 130 No 78 1.30 48 Cu 208-3
130 Yeo 79 1.33 47 None 208-1

10 Yes 1 1.62 3 None 223-5

0-65-31 130 No 59 0.65 43 None 192-6
130 No 72 0.74 47 None 218-4
130 Yes 58 0.65 44 None 192-3
130 Yes 62 0.74 44 None 208-2
10 Yes 9 0.93 1 None 223-6

0-65•33 130 No 10 0.38 24 None 213-4
130 Yes 10 0.37 24 None 213-1

0-65-35 130 N,. 108 0.92 44 Mg 195-6
130 Yes 105 0.91 44 Mg 195-3

10 Yes II 1,41 3 None 227-4

12
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Table 4. Summary of 48-Hr, 3850 F Test Results on Several Lubricants (Cont'd)

Oil Air Rate, Condensate 100 0F Vis Neut. No., Oil Loss, Significant Test

Code iiters/hr Return lnc:esse, % mg KOH/g wt 'o Metal Attack* No.

0-65-36 130 No 18 0.45 1? Mg 196-4
j 130 Yes 17 0.50 !1 Mg 196-1

0-65-37 130 No 26,560 (40 hr) 24.3 (40 hr) 51 Cu 213-5

130 Yes 19,000 (40 hr) 24.3 (40 hr) 49 Cu 213-2
10 Yes 84 10.20 6 Cu, Mg 227-2

0-65-38 130 No 72 0.20 46 Mg 196-5
130 Yes 66 0.23 46 Mg 196-2

0-65-39 130 No 238 1.99 62 None 214-4
130 Yes 1025 3.29 61 None 214-1

0-65-40 130 No 64 0.67 43 Mg 196-6
130 Yes 61 0.75 43 Mg 196-3
10 Yes 9 0.93 3 None 226.4

0-66-1 130 No 98 0.84 44 None 213-6
130 Yes 98 0.86 45 None 213-3

"0-66-2 130 No 93 0.96 47 None 214-5
130 Yes 73 0.94 44 None 214-2

10 Yes 9 1.14 1 None 224-5

0-66-3 130 No 209 1.68 58 None 214-t)
130 Yes 223 1.76 60 None 214-3

0-66-5 130 No 70 1.53 45 Mg 255,6
10 Yes -2 1.84 7 None 255-5

0-66-9 130 No 77 0.96 44 None 275-3
10 Yes 9 1.14 2 None 226-5

0-66-1I 130 No 780 47.9 45 Cu. Mg 225.2
130 "Yes 635 45.2 44 Cu 225-1

10 Yes 13 13.57 4 None 224-6

0-O--25 130 No 157 2.09 51 Cu 253-4

10 Yes 17 2.73 3 Cu 253-1

0467-2 130 No 34 0.63 40 None 253-5
10 Yes 0 0.94 2 None 253-2

0-67-3 130 No 54 1.05 42 Mg 253-6
10 Yes 9 1.36 I None 253.3

13
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Table 4. Summary of 48-Hr. 385*F Test Results on Several Lubricants (Cont'd)

Oil Air Rate, Condensate 1000 F Vis Neut. No., Oil Loss, Significant Test
Code liters/hr Return Inciease. % mg KOH/g wt % Metal Attack* No.

0-67-4 130 Ns, 19 0.62 10 Cu 269-4
10 Yes 12 0.57 4 Cu 269-1
10 Yes 12 0.53 5 Cu 291-1

0-67-5 130 No 65 0.80 47 None 269-5
10 Yes 9 1.09 0 None 269-2

0-67-7 130 No 173 1.68 59 None 269-6
10 Yes -12 6.65 2 None 269-3

0-67-8 130 No 91 1.56 .4 Cu 268-4
10 Yes 12 1.57 4 Cu 268-1
10 Yes 12 1.50 5 None 291-3

0-67-9 130 No 81 1.11 47 None 268-5
10 Yes 0 1.36 3 NonL 268-2

0-67-10 130 No 298 15.49 61 Mg 275-4
10 Yes -6 13.20 8 Cu, Mg 275-1

0-67-11 130 No 169 0.88 53 None 268-6
10 Yes 9 1.11 3 None 268-3

0-67-13 130 No 50 0.42 46 Mg 275-5
10 Yes 10 0.75 2 Cu 275-2
10 Yes 10 0.59 3 Cu 291-4

ATL-556 130 Yes 730 27.0 59 Cu 202-I

ATL-561 130 Yes 572 (40 hr) 39.2 64 Cu 202-2

ATL-584 130 No 98 1.49 54 None 197-2
130 Yes 96 1.50 51 None 197-1

4*-fined as a weight change of tO.20 mg/cm 2 , or more. Metal set I (At. Ti, Ag, stee!, Cu, Mg).
" After electrocleaning procedure.
$ Metal spezimen set used: Mg, MS.

In Table 4. viscosity and neutralization number for the 130 liters/hr tests are compared. A large majority
of the lubricants examined in this study were unaffected by the reflux procedure. However, some fluids showed a
possible effect, and the technique served both to improve or worsen performance depending on oil type. Lubricants
0-62-4, 0-62-6. 0-65-19, and 0466-2 showed increased oxidative stability when run with the reflux procedure. The
use of condensate return had a deleterious effect on the performance of 0-62-16W 0-65-18. 0-65-21, and 0-65-39.
For all lubricants mentioned, the effect was reflected by sample viscosity. Lubricant 0-65-19 gave poor repeatability
in a repeat test using the nonreflux proceduie. The second test yielded a thteefold increase in viscosity. The neutral-
ization number obtained with the reflux procedure was considerably higher than nonreflux values although the
viscosity increase was close to the first nonreflux test result.

14
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Metal specimen corrosion data in the 130-liters/hr reflux determinations were, with one exception,

generally unchanged from the results sbown in nonretlux tests. Lubricant 0-65-21, which gave no significant metal
attack in nonreflux oxidation-corrosion tests. showed weight losses of 0.27 and 0.73 mg/cm 2 for copper and
magnesium, respectively. The lubricant was of the group which likewise showed increased deterioration of oil
pioperties using condensate return.

Many of the !ubricants evaluated at 130-liters/hr airflow were also tested at an air rate of 10 liteys/hr
using the condensate return procedure. From Table 4, it ;s seen that the 13G-liters/hr airflow had a much great'r
effect on viscosity than neutralization number. With the exception of some MIL-L-23699-type lubricants, few oils
performed adequately at this high airflow: whereas, most fluids performed satisfactorily in the l0-liter./hr test.
Metal specimen data, for the most part. were unchanged from the results shown in the high-airflow tests.

One procedural variation in the composition of the metal specimen set was used for lubricants 0-65-14
and 0-65-18. For one test at 130 liters/hr. condensate return, two magnesium metal specimens were substituted for
the "standard" metal set. Sample viscosity increase was greater for 0-65-14 using this variation, but neutralization
number was slightly lower. Both magnesium specimens were severely attatiked. Lubricant 0-65-18 showed no
significant change from the standard test. 'This variation was repeated using the 10-liters/hr reflux procedure.
Lubricant 0-65-14 showed essentially the same viscosity increase as in the standard test, but neutralization number
was much lower, with no attack of the magnesium specimens appearing. Similarly, 0-65-18 gave a lower neutraliza-
tion number, but both magnesium specimens were attacked.

Using the high-airflow, nonreflux test procedure, a systematic study was conducted to examine the
effect of blending selected lubricants. Various volumetric concentrations were tested at 375 and 385'F using the
following lubricant combinations: 0-65-18 and 0-65-21 i -65-19 and 0-65-21 andO-65-19 and O-65-25. The three
lubricant combinations cited are actually blends of different batches of the same two formulatiors. Reference to
Table 2 shows that 0-65-18 and 0-65-19 are different batches of O-62-s, whereas 0-65-21 and 0-65-25 are different
batches of 0-62-3.

As shown in Table 5, viscosity and acidity data fnr the 375°F tests indicated a closely similar per-
formance for the constituent lubricants, as well as the various mi:tures. At 385 0F, however, the 0-65-18/0-65-21
combination demonstrated a significant and unusual incompatibility for two specific blend concentrations. Figure 3
illustrates the deleterious effect obtained for the blends containing 10 and 25 volume percent of 0-65-21.
Unexplainably. the 385°F blend series with 0-65-1Q (different batch of 0-65-18) and 0-65-21 did not produce the
same effect. This phenomenon %uggcsts a possible inconsistency between the 0-65-18 and 0-65-19 sample batches.

In a subsequent test series at moderate temperatures, the, low-airflow (10 liters/hr) reflux conditions

were maintained throughout. In addition, the lubricant breakpoint criteria were applied for all runs. Numerous

evaluations. summarized in Table6. were performed at one or more of the three test temperatures of 385. 392, and

401'F. A 48-hr test duration was observed in a majority of tests: however, several runs were extendcd to 72 hr to

increase the probability of breakpoint occurience.

As previously mentioned, the neutralization number breakpoint was considered to be the primary
-crformaoce criterion. rhis parameter almost invariabty occurred slightly earlier than the corresponding viscosity
breakpoint, using the rate of change definitions established.

Reference to Table 6 reveals that many of the Sample Neut. No.
lubricants examined at 38S'F gave relatively high neutraliza- Temp, lF Br~akpoint, hr
tion number hieakpoints, or none at all. Most of the !xcep- .. p...h
lions to this observation were used oil samples. As expected, 0-60-18 385 ol
a much greater performance spread occurred for the various 342 53
fluids evaluated at 392 and 4010 F. At these higher tempera- 401 18
tures, certain lubricants exhibited a marked sensitivity to
temperature increase. In addition, the response to tempera- O`67- 385 55

ture change was not consistent among the lubricants 392 44

evaluated. The phenomenon is illustrated by the following 401 33

test data 0-00- 1 and O-67-1)
I5



Table 5. 48-Hr Oxidation-Corrosion Test Results for Selected Lubricant Blends

(Air rate, 130 liters/hr; nonreflux)

375' F Sample Temperature 385°F Sample Temperature

Content, vol % F Vis Neut. No.. Test IOO°F Vis Neut. No., Test

Increase, % mg KOH/g No. Increase, % mg KOH/g No.

0-65-18 0-65-21

100 0 67 0.90 204-6 135* 5.9?* *

90 10 80 0.96 204-5 506 14.12 201-5
75 25 60 0.99 204-3 232 18.64 201-3
50 50 71 0.97 204-1 lOlt ".48t t
25 75 64 0.95 204-2 87 1.31 201-2

10 90 68 0.86 204-4 92 1.29 2u!-4

0 100 60 0.88 205-6 79t 1.23I

O-65-19 0-65-21

100 0 65 0.94 203-6 113** 1.60"* **

90 10 75 0.95 203-5 130 2.00 199-5
75 25 57 0.93 203-3 94 1.67 199-3
,; 50 66 0.95 203-1 106 1,48 199-1
25 75 60 0.85 203-2 86 1.34 199-2
10 90 67 0.80 203-4 90 1.23 199-4
0 100 60 0.88 205-6 79t: 1.23t t:

0-65-19 0-65-25

100 0 65 0.94 203-6
90 10 73 1.07 205-5

75 25 61 1.05 205-3
50 50 66 0.98 205-1

25 75 60 0.91 205-2
10 90 64 0.91 205-4
0 100 57 0.94 207-1

SAverage of three determinations; Tests Nos. 183-1, 201-6, and 202-4.
tAverage of two determinations; Fest.- Nos. 197-2 and 201-1.
tAveragc of two determinationsi Tests Nos. 183-5 and 200-2.
* *Average of two determinations; Tests Nos. 183-3 and 200-1.

At 385 and 392°F, 0-60-18 demonstrated a greater stability as evidenced by neutralization number breakpoint. At

401'F, however, the lubricant gave a significantly shorter breakpoint and was less satisfactory than 0-67-9 at this

temperature.

As described in Table 6, lubricants 0-65-14 and 0-65-18 (diffetent batches of the same formulation)

were examined at 385"F using modified test conditions. The normal metal specimen set was omitted and two

magnesium specimens were inse;ted. This variation of metal types produced several unusual performance effects.

With magnesium alone, viscosity data for 0-65-14 were essentially unchanged. However, there was a noticeable

improvement in stability as reflecleJ by sample acidity. The neutralization number breakpoint was increased, and

the final 48-hr neutralization number was appreciably lower. A contrast was also shown for the 0-65-14 corrosion

16
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Figure 3. 385 0 F Oxidation-Corrosion Test Results on the Effect of
Blending Lubricant; 0-65-18 and 0-65-21

data. Significant weight losses for magnesium were recorded for both determinations using the normal metal set. In
the test with magnesium alone, neither of the two coupons indicated significant attack.

0-65-18 showed the reverse effect with respect to corrosion data. Magnesium attack did not occur in the
standard test, whereas, with the dual magnesium specimens, both coupons indicated significant corrosion. Sample
pl-op.,rtv results for 0-65-18 showed an effect for the metal variation similar to that obtained with 0-65-14, except
that the neuiahization number improvement with magnesium alone was less pronounced with the former oil.

Seven of the lubricant samples listed in Table 6 consisted of equal volume blends of various constituent
oils. Breakpoint data for the tests are grouped in Table 7 according to the constituent oil data and the corresponding
blend (K-, L-, and M-coded samples) data. Although many determinations showed no deterioration breakpoints
within the test period, the blend results revealed no apparent incompatibility between constituents. This conclusion
is somewhat tentative in the case of L-1 136, since data at 401 F were not obtained for 0-67-7. However, the 385°F
test results for the L- 1136 constituents imply that the blend result at 401OF is within the expected breakpoint range
of the constituents.
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Table 6. Summary of Low-Airflow Reflux Oxidation-Corrosion Test Results

(Air rate 10 liters/hr; reflux)

Oil Sample Test lOOF Vis Neut. No., Breakp• int hr Significant Test

Code Temp, F Time, hr Increase, % mg KOH/g 100OF Vis Neut. No. Metal Attack* No.

0-60-8 385 48 6 13.91 44 28 Cu 230-1

• 0-60-1!8 385 48 6 2.13 48+ 48+ C1u 230-2

385 72 10 6.29 72+ 61 All 325-1
392 72 50 21.6 54 53 All 296-I
401 72 93 29.9 41 18 All except Mg 327-1

0-61-11 385 48 -4 8.39 48+ 39 None 227-5

0-62-3 385 48 0 1.54 48+ 48+ None 230-3

0-62-4 385 48 0 1.91 48+ 48+ Mg 230-4

0-62-6 385 48 --12 5.30 48+ 40 Cu 230-5

0-62-7 385 48 - 1 1.26 48+ 48+ None 230-6
385 48 0 1.13 48+ 48+ None 232-1

0-62-13 385 48 -6 2.86 48+ 46 Cu 232-2

0-62-16 385 48 -9 6.42 48+ 38 None 227-3

0-63-I 385 48 -10 3.78 48+ 40 None 232-3

0-63-2 385 48 -7 3.90 48+ 43 None 232-4

0-63-3 385 48 3 12.43 48+ 40 Cu, Mg 232-5

0-63-8 385 48 7 1.63 48+ 48+ Cu 232-6

0-63-16 385 48 -4 1.99 48+ 48+ None 227-6

0-64-2 385 48 Is 0.41 48+ 48+ None 226-1
392 72 19 0.55 72+ 72+ None 312-1
392 72 18 0.63 72+ 72+ None 326-1

401 72 22 .GI 72+ 72+ None 314-1

0-64-12 385 48 7 2.10 48+ 40*- Ti 1226-2
385 72 6 3.07 '12+ 72+ Al, steel 325-2
392 72 I1 7.56 72+ 60 All except Cu 296-2
A01 72 54 20.5 52 41 All 314-2

0-64-18 385 48 2 5.13 48+ 40 None 226-3
392 72 46 23.4 43 18 Cu 296.3

0-64-26 385 48 I I 0.52 48+ 48+ None 226-6
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Table 6. Summary of Low-Airflow Reflux Oxidation-Corrosion Test Results (Cont'd)

(Air rate 10 liters/hr; reflux)

Oil Sample Test 100F Vis Neut. No., r Break int. h Sig-fi'rant Test
Code Temp, *F Timnc. hr Increase,% mg KOH/g 100F Vis Neut. No. Metal Attack* No.

0-65-14 385 48 -5 13.07 45 31 Cu, Mg 223-1
385 48 -8 11.90 48+ 41 Cu, Mg 255-3
385t 48 -3 1.63 48+ 48+ None 224-1
392 72 1445 24.4 41 30 Cu, Mg 296-4

0-65-18 385 48 -9 8.84 48+ 40 Cu 223-2

06 8 385t 48 -9 383 48+ 42 Mg, Mg 224-3

0-65-19 385 48 -11 8.02 48+ 39 Cu 223-3
392 72 32 19.89 56 28 Cu, Mg 296-5

0-65-20 385 48 -11 10.47 48+ 40 Cu 255-4

0-65-21 385 48 0 1.63 48+ 48+ None 223-4
385 72 14 10.14 65 56 Cu 325-3
392 72 30 16.22 54 49 Cu 297-I
401 72 65 21.7 40 18 Cu 314-3

0-65-23 385 48 9 1.18 48+ 48+ None 227-1

0-65-25 385 48 1 1.62 48+ 48+ None 223-5

0-65-31 385 48 9 0.93 48+ 48+ None 223-6
392 72 14 1.57 72+ 72+ Mg 326-2
401 72 17 2.09 72+ 72+ Mg 327-2

0-65-35 385 48 11 1.41 48+ 48+ None 227-4

0-65-37 385 48 84 10.20 8 6 Cu. Mg 227-2

0-65-40 385 48 9 0.93 48+ 48f None 226-4

0-66-2 385 48 9 1.14 48+ 48+ None 2-24-5

0-66-5 385 48 -2 1.84 48+ 48+ None 255-5

0-00-1) 385 48 9 1.14 48+ 48+ None 22_t-5

0--O-Il 385 48 13 13.57 41 31 None 224-6
385 72 - 23.3 40 24 Cu. Mg 3254

342 72 62 23.8 30 24 Cu, Mg 2'97-2

S0(),-25 385 48 17 2.73 48+ 48+ .u 253-1

0-07-2 385 48 0 0.94 48+ 48+ None 253-2



Table 6. Summary of Low-Airflow Reflux Oxidation-Corrosion Test Results (Cont'd)

(Air rate 10 liters/hr; reflux)

Oil Sample Test 100F Vis Neut. No., Breakoint, hr Significant Test

* Code Temp, OF Time, hr Increase, % mg KOH/g 100*F Vis Neut. No. Metal Attack* No.

0-67-3 385 48 9 1.36 48+ 48+ None 253-3

385 72 10 1.35 72+ 72+ None 325-5
392 72 12 1.81 72+ 72+ None 312-2
392 72 11 1.80 72+ 724 None 326-3
401 72 50 10.58 56 56 None 314-4

0-67-4 385 48 12 0.57 48+ 48+ Cu 269-1
385 48 12 0.53 48+ 48+ Cu 291-1

0-67-5 385 48 9 1.09 48+ 48+ None 269-2

0-67-6 385 48 10 1.11 48-v 48+ None 291-2

0-67-7 385 48 -12 6.65 48+ 39 None 269-3
392 72 835 31.0 41 19 Cu,Mg

0-67-8 385 48 12 1.57 48- 48+ Cu 268-1
385 48 12 1.50 48+ 48+ None 291-3
392 72 18 3.44 72+ 70 Cu 32-4

0-67-9 385 48 0 1.36 48+ 48+ None 268-2

38K 72 13 10.90 66 55 Cu 325-6
392 72 32 16.98 53 44 Cu 3124
401 72 74 22.6 40 33 Cu 314-5

0-67-10 385 48 -6 13.20 45 26 Cu, Mg 275!

0-67-11 385 48 9 1.11 48+ 48+ None 268-3
392 72 13 1.84 72+ 72+ None 312-5
401 72 73 11.88 54 46 None 314-o

0-67-13 385 48 10 0.75 48+ 48+ Cu 275-2
385 48 10 0.59 48+ 48+ Cu 2914

0-67-19 385 48 8 2.30 484 48+ None 295-1
385 48 8 2.56 48+ 48+ Cu 307-1
392 72 11 3.68 72+ 72+ N,.ne 32t-5
401 72 14 5.33 72+ 71 None 327-3

0-67-20 385 48 10 0.85 48+ 48+ None 295-2
3P5 48 9 0.91 48+ 48+ Cu 307-2
392 72 13 1.37 72+ 72+ None 297-3
401 72 38 9.03 61 55 None 314-7

0-67-21 385 48 9 0.92 48+ 48+ None 295-3
392 72 12 1.57 72+ 72+ None .12-6
401 72 16 2.33 72+ 71 None 327-4
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Table 6. Summary of Low-Airflow Reflux Oxidation-Corrosion Test Results (Cont'd)

(Air rate 10 liters/hr; reflux)

Oil Sample Test 100*F Vis Neut. No., Breakpint, hr Significant Test
Code Temp, F Time, hr Increase, % mg KOH/g 100'VF Vrs Neut. No. Metal Attack* No,

0-67-24 385 48 2 2.50 48+ 48+ Steel, Cu 307-3
385 72 18 16.08 64 53 Mg 325.7

392 72 60 33.3 53 40 Cu, Mg 312-7
401 72 86 34.6 40 I5 Cu, Mg 327-5

0-68.1 385 48 8 0.79 48+ 48+ Steel, Cu 307-4
392 72 11 1.29 72+ 72+ None 312-8 f
401 72 19 3.61 71 66 None 314-8

0-68-5 385 48 4 1.03 48+ 48+ None 334-5

0-68-6 385 48 35 9.48 36 26 Cu 335-I

ATL-719 385 48 20 19.54 36 20 Cu 318-1

SATL-720 385 48 25 14.08 38 29 Cu 318-2

ATL-737 385 48 5 3.44 48+ 48+ None 318-3

ATL-753 385 48 4 1.39 48+ 48+ Cu 318-4

ATL-769 385 48 --1 1.20 48+ 48+ None 291-5

ATL-770 385 48 - I 1.26 48+ 48+ None 291-6

ATL-771 385 48 0 1.23 48+ 48+ None 291-7

ATL-7725 385 48 45 22.5 28 17 Cu 308-7

ATL-7727 385 48 8 0.83 48+ 48+ None 298-1

ATL-805 385 48 6 3.99 48+ 45 Cu 308-!

ATL-806 385 48 14 9.00 42 36 None 308-2

ATL-807 385 48 21 15.79 38 28 Cu 308-3

ATL-808 385 48 14 7.68 43 40 Cu 308-4

ATL-80Y) 385 48 14 7.05 43 40 Cu 308-5

ATL-810 385 48 18 15.87 40 30 Cu 308-6

ATL-814 385 48 38 I 1.36 32 25 Cu 323-1

ATL-8'5 385 48 26 20.4 34 25 Cu 323-2
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Table 6. Summary of Low-Airflow Reflux Oxidation.Corroslon Test Results (Cont'd)

(Air rate 10 liter/hr; reflux)

Oil Sample Test I0°tF Vis Neut. No., Breakpint, hr Significant T Test
Code Temp. °F Time. hr Int:rease, % mg KOH/g 100°F Via Neut. No. Metal Attack No.

ATL-829 385 48 3 1.77 48+ 48+ None 334-1

ATL-830 385 48 28 9.68 40 30 None 334-2

ATL-831 385 48 7 1.01 48+ 48+ None 334-3

ATL-832 385 48 8 1.10 484 48+ None 334-4

ATL-833 385 48 4 4.35 48+ 48+ None 335-2

ALO-716 385 48 9 839 46 37 Cu, Mg 303-1

ALO-717 385 48 6 3.75 48+ 46 Cu 303-2

SALO-718 385 48 36 21.1 30 28 Cu 303-3

K- 1054 392 72 29 21.8 52 36 Cu, Mg 297-4

L- 1!29 385 48 - 1 1.28 48+ 48+ None 295-4

L-1 136 385 48 -6 2.04 48+ 47 None 295-5
4041 72 91 32.0 34 17 Cu, Mg 327-6

M-105l 385 48 5 0.85 48+ 48+ None 315-1

M-1052 385 48 5 1.46 48+ 48+ None 315-2

M-1053 385 48 6 0.82 48+ 48+ None 315-3

*Defined as a weight change of f0.20 mg/cm
2 , or more. Metal set I (Al, TI, Ag, steel, Cu. Mg).

tMetal specimen set used: Mg, MS.

Table 7. Breakpoint Data for Lubricant Blends and Blend Constituents
(Air rate, 10 liters/hr; reflux)

Oil Sample Break oint, hr Oil Sample Breakp int hv

Code Temp,°F I"U•'F Vis Neut. No. Code Temp,°F 100F Vis Neut. No.

0-65-19 392 56 28 0-67-7 385 48+ 39

0-65-21 392 54 49 0-67-9 385 66 55

K- 1054 392 52 36 0-67-20 385 48+ 48+
M-1051 385 48+ 48+

ATL-769 385 48+ 48+
ATL-771 385 48+ 48+ 0-67-9 385 66 55

L-1 129 385 48+ 48+ 0-67-11 385 48+ 48+
0-67-20 385 48+ 48+

0-67.7 385 48+ 39 0-67-24 385 64 53
0-67-9 385 66 55 M-1052 385 48t 48+
L-! 136 385 48+ 47

0-67-9 385 66 55
0-67.7 401 ---.- 0-67- I 385 48+ 48+
0-67-9 401 40 33 0-67-20 385 48+ 48+ J

L-1136 401 34 17 0-68-1 385 48+ 48+
M-1053 385 48+ 48+
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3. Long-Duration Test Results. A frequent question relating to the applicability of lubricant bench tests
concerns the validity of accelerated testing procedures. The objective of test acceleration is obvious--a greater
number of samples may be screened wih attendant savings of time and costs. The question is whether the use of test
acceleration produced valid screening data. In the case of the oxidatior-corrosion test, the question can be stated in
terms of the increased temperature required to shorten test duration, '.e.. can a 48-hr or 72-hr test at, say, 392°F
effectively predict relative oil performance under service conditions of lower temperatures and much-longer dura-
tions? The results discussed in this section of the report constitute a brief examination of this aspect of the
oxidation-corrosion test.

Using the low-airflow reflux procedure, five lubricants were examined in the initial test series at 347*F.
As shown in Table 8, san )Ie degradation in all instances was very slight for test durations ranging from 96 to 192 hr.
No deterioration breakpoints occurred at any condition.

The low-airflow reflux procedure was next employed in a series using a 26-day (624-hr) test duration,
aiso at 347*F. With this extended test period, the intermediate sampling schedule was modified to allow for weekly
sampling intervals. Intermediate simple volumes of 35 ml were taken, and were replaced with new oil at each
sampling period.

Summary data for the 26-day test sedies are given in Table 9. Although only a limited number of
repetitive runs were made. the repeatability of the procedure appeared to be satisfactory with two exceptions. There
was poor correspondence for neutralization number breakpoint in repeat tests with lubricants 0-65-14 and 0-65-19,
For both oils, however, there was good agreement of viscosity breakpoint data in repeat tests.

Several procedural variations were employed in the 26-day series, primarily with regard to the composi-
tion of the metal specimen set. One determination on 0-65-14 was performed without oil makeup for intermediate
samples. This deviation, is expected. promoted lubricant deterioration in comparison with data for the normal
procedure. Lubricant 0-65-18 was examined in one run without the magnesium specimen pesent. The deletion
resulted in an appreciable increase in the viscosity breakpoint and a slight increase in the neutralization number
breakpoint. These effects, however, may not be too significant in view of the extremely rapid deterioration of
0-65-18, both with and without magnesium, subsequent to the fluid's induction period. Nonstandard tests with
0-65-19 included one without copper or magnesium and one in which copper was replaced by a bronze specimen. In
both instances, lubricant performance was considerably inproved. Thus, the extreme degradation of 0-65-19 in
standard determinations would appeai to be attributable to Ahe presence of the pure copper specimen. The same
effect was not produced by bronze, although the metal has a high copper content (58 percent, typical). The

determination on 0-65-21. with copper and magnesium excluded, showed no appreciable performance change from
that obtained from one of the standad tests. Three specimen set variations were employed with lubricant 0-66-25.
As with 0-65-19, the presence of copper resulted in increased oxidative degradation for 0-66-25. The use of bronze
did not produce any significant catalytic effect on sample deterioration.

Table 9 contains results for one equal.part blend examined in the 26-day series. Blend K-1054 was made
up of the constituents 0-65-19 and 0-65-2 . The K- 1054 determination indicated no incompatibility of the mixture.
but showed a performance approximating th4 t of the better constit,!enl, viz. 0-65-21.

Table 10 lists the results of a brief test series at an intermediate test-condition severity. Six lubricants
were examined at 365'F for test durations ranging from 9 to 14 days. The resultant test data showed the time-
temperature •,onditions to be generally inapplicable. Three of the test fluids gave very short, indeterminate
neutralization number breakpoints, whereas the remaining three lubricants showed no breakpoints within the 14-day
test period.
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Table 8. Summary of Oxidation-Corrosion Tests

at 347 0F,96 to 192 Hr

(Air rate, 10 liters/hr; reflux)

Test 100F Vis "- Neut. No., Oil Loss, Significant Test
Duration, hr Change, % ITmg KOH/g wt % Metal Attack j No.

r • O-65-14

0 96 -2.0 1.10 3 None 210-1 1

Y 144 -1.3 1.29 5 None 211-1
192 -2.3 1.56 6 None 212-1
192 -2.6 1.54 4 None 212-2

0-65-18

96 -1.6 1.10 2 None 210-2
144 --2.1 1.25 2 None 211-2
192 -1.6 1.50 6 Cu 212-1

0-65-19

96 -1.9 1.13 2 None 210-3
144 -2.0 1.31 3 None 211-3
192 -3.1 1.60 4 None 212-4

0-65-2!

96 +3.0 0.91 3 Nortu 210-4
144 +2.3 1.01 3 None 211-4
192 +3.7 1.17 6 None 212-5

0-65-25

96 +1.6 1.01 2 None 210-5
144 +3.1 0.96 4 None 211-5
192 +L.4 1.26 2 None 212-6

*Defined as a weight change of ±0.20 mg/cm2, or more. Metal set I (Al, Ti, Ag. steel, Cu, Mg).

A comparison of neutralization number breakpoint data obtained under equivalent test conditions, other
than time and temperature, is given in Tatle I1. The test lubricants are listed in order of decreasing performance
capability at 347°F. The resultant ranking of lubricants generally indicates very satisfactory correspondence between
the long-duration test results and those for the higher temperature, short-duration tests. One possible exception to
this agreement might be 0-67-24. Short-duration test results with this oil imply a higher ranking than that allowed
by the 13-day breakpoint obtained at 3470 F. However, considering the repeatability of the 26-day test, the 0-67-24
discrepancy may not be real, For example, a breakpoint variation of +2 days could have moved the 0-67-24 ranking
to a position between K-1054 and 0-66-25. In this position, the short-duration test data for 0-67-24 would show
much improved alignment. Further, it should be recalled that the 3470F, 26-day test procedure employs a different
breakpoint definition from that of the short-duration test, as well as sample oil makeup. It is expected that the latter
variation in technique might demonstrate a pronounced effect on the oxidative stability of certain lubricants.
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Table 9, Summary of 26-Day, 3470F Oxidation-Corrosion Test Results

____(Air rate 10 liters/hr; reflux)

Oil Metal 100'F Vis Neut. No., Breakpoint, days Sipificant Tet
Code Specimen Set* Increase, % mg KOHlg 100 F Vis Neut. No. Attkt No.

0-60- 18 Standard 5 2.29 26+ 264- All 293-1

0-64-2 Standard 20 0.51 26+ 26+ Mg 261-6
Standard 20 0.42 26+ 26+ None 294-1

0-64-12 Standard 6 2.78 264 26+ All 293-2

0-64-18 Standard 1 5.45 26+ 14 None 293-3

0-65-14 Standard 68,898(21 days) 61.9 17 6 Cu, Mg 241-2
Standard 67(21 days) 50.5 14 17 Cu, Mg 283-1

Standard[ 82 (14 days) 72.6(21 days) 8 5 Cu 241-1

0-65-18 Standard 13 (21 days) 53.0 16 14 Cu, Mg 248-1
w/o Mg -7 (21 days) 53.4 23 17 Cu 248-2

0-65-19 Standard 267 (21 days) 54.1 15 14 Cu 241-3
Standard 7(21 days) 52.4 19 13 Cu 248-3
Standard -I1 (14 days) 48.3 14 5 Cu, Mg 283-2

w/o Cu, Mg -5 2.32 26+ 26+ None 261-4
Bronze in place -4 2.33 26+ 26+ None 26 1-5
of Cu

0-65-21 Standard 18 9.78 23 18 Cu 241-4
Standard 5 2.46 26+ 26+ Cu 261-2
w/o Cu, Mg 3 2.38 26+ 26+ None 248-4

0-65-31 Standard 16 0.85 26+ 26+ Cu 241-5
Standard 18 0.91 26+ 26+ None 261-1

0-66-9 Standard 13 0.85 26+ 26+ None 277-4

0.66-11 Standard 982 (21 days) 53.6 10 10 Cu, Mg 293-4

0-66-25 Standard 72 5.69 16 14 Ag, Cu 241-6
w/o Mg 87 7.87 9 II Ag, Cu 248-5
w/o Cu, Mg 18 1 91 26+ 26'- Ag 248-6
Bronze in place 19 1.65 26+ 26+ Ag 261-3

of Cu

0-67-3 Standard 16 0.74 26+ 26+ None 324-1

0-67-7 Standard 12121 days) 25.0 'I days) 1 14 Cu. Mg 294.2

0-67-8 Standard 18 1.84 26+ 26+ Cu 294-3
It
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Table 9. Summary of 26-Day, 3470F Oxidation-Corrosion Test Results (Cont'd)

(Air rate 10 liters/hr; reflux)
4 Oil Metal I O°F Vis Neut. Nr.. Breakpoint, days Significant Tat

Code Specimen Set* Increase, % mg KOH/g 100 F Vis Neut. No. Attackt No.

0-67-9 Standard 5 1.55 26+ 26+ None 277-5

Standard 5 1.39 26+ 26+ Cu 283-3
Standard 6 2.25 26+ 26+ None 324-2

0-67-1 1 Standard 13 0.85 26+ 26+ Mg 277-6

Standard 14 0.90 26+ 26+ None 294-4

0-67-13 Standard 26 0.55 26+ 26+ Cu 294-5

0-67-20 Standard 18 0.66 26+ 26+ Cu 294-6

0-67-21 Standard 16 0.95 26+ 26+ None 324-3

0-67-24 Standard 177 60.3 17 13 Cu, Mg 324-4

0-68-1 Standard 16 0.80 26+ 26+ None 324-5

ATL-720 Standard 529 (21 days) 51.6 13 6 Cu 277-1

ATL-737 Standard 11 3.12 26+ 26+ Cu 277-3

ATL-753 Standard 7 1.73 26+ 26+ Cu 277-2

ATL-769 Standard 2 1.54 26+ 26+ None 283-4

Standard 4 1.54 26+ 26+ Cu 293-5

ATL-770 Standard 4 1.35 26+ 26+ None 283-5

ATL-771 Standard 2 1.45 26+ 26+ None 283-6

K-1054 Standard 0 9.39 26 19 Cu 293-6

*Standard metal specimen set: Al. Ti. Ag. st eel, Cu. MS. -

f Deflned as a weigh, change of ±0.20 mg/cm .

tNo oil makeup for %ample%,
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Table 10. Summary of 365 F Oxidation-Corrosion
• ~Test Results

(Air rate 10 liters/hr; -eflux)

SSi~gnificant
Oil Test Time, IO0F Vis Neut. No., Brea.kpoint, days Testmetal

Code days Increase, % mg KOH/g I00F Vis Neut. No. Ak* No./,tt8ck*

0-65-14 9 1663 33.3 1 t Cu, Mg 305-1

0-65-19 i1 36S 20.4 4 ' Cu, Mg 305-2

0-67-7 10 1275 32.4 4 t Cu 305-3

0-67-9 14 2 1.72 14+ 14+ Cu 305-4

0-67-11 14 12 1.03 14+ 14+ None 305-5

0-67-20 14 13 0.78 14+ 14+ Cu 305-6

*Defined as a weight charge of ±+0.20 mg/cm 2 . Metal set I (Al, Ti, Ag, steel, Cu, Mg).

tindeterminate; breakpoint occurred between 0 and 7 days

Table 11. Lubricant Rankings as Affected

by Test Temperature

(Air rate, 10 liters/hr; reflux)

i47F Neut. No. Breakpoint
Oil 347°F. 385'F, 392'F. 401'F,

('ode days hr hr hr

0-66-9 20+ 484
0-67-13 26+ 48+.48+

ATL-737 26+ 48+

ATL-753 26+ 48+
ATL-769 26+, 26+ 48+

ATL-770 26+ 48+
ATL-771 26+ 48+
0-64-2 26+. 26+ 484 72+, 72+ 72+

0-65-31 26+, 26+ 48+ 72+ 72+

0-07-21 2(,+ 48+ 721 71

0-68-1 26+ 48+ 724 66

0-67-3 26+ 72+ 72+, 72+ 56

0-67-20 26+ 4!8+. 48+ 72+ 55
0-67-1 I 26+. 261 48+ 72+ 46

0-(7-8 26+ 48+,48+ 70
0-04-|2 264+ 72+ 60 41

0-60-18 26+ (1 53 18

O-.W-2) 26+ 2o+, 2ti+ 55 44 33

0-65-21 18, 26+ 56 49 I8

K-1054 I1 36

0-o6-25 14 48+

0-64-18 14 40 18

0-5-1.8 14 40
04)1-7 14 39 s- 19
0-o7-24 13 53 40 15

0-65-14 6,17 31,41 30

0-05-1 14, 13, 5 39 2K

0-601 I 10 31,24 24

ATL-720 2k
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An examination of the data of Table I I suggests that the applicability and sensitivity of the short-
duration test is best realized by lhbricant evaluation at more than one temperature. In this way, the lubricant's

response to temperature change is obtained and the performance profi!e may be compared with fluids of a similat
class.,

4. Test Results at 428 and 464°F At these rather severe sample temperatures, 22 lubricants were evaluated
by means of the low-airflow reflux test procedure in the aluminum block apparatus. The test lubricants were
selected on the basis of expected oxidation stability at high test temperatures. Each of the test lubricants was
evaluated at a 4280 F, 48-hr condition. Certain of the more stable materials were also examined at a 464°F, 48-lu
condition and a 428 0 F, 168-hr condition.

Summarized test results for this series of runs are given in Table 12. Breakpoint analysis was not applied
to this series, which was performed in the early stages of the program. Figure 4 presents the performance trend
for the three test conditions, as evidenced by final neutralization number. Using an arbitrary demarcation value, the
initial test condition showed 10 of the 22 lubricants with a final neutralization number of less than 5 mg KOH/g. At
the 4640 F, 48-hr condition, two of five test oils were in this category. Of the three lubricants examined in the
168-hr test, only MLO-62-1005 yielded a neutralization number below 5 mg KOH/g. This fluid indicated very good
oxidative stability on the basi of sample acidity at all conditions. However, at the two more severe test conditions,
MLO-62-1005 showed significant viscosity increases (Table 12).

Table 12. Summary of 428 and 4640 F Oxidation-Cortosion

Test Results

(Air rate iO liters/hr; reflux)

__________-._________ -Oil Significant et

Oil Sample Test I 00°F Vis Neut. No.. Loss. Metal 'est
Code Temp, 'F Time, hr Increase, % rng KOH/g wt L Attack* No.

0-61-17 428 48 27 5.19 3 ('u 290.1

428 48 27 4.93 I Cu 317-2

0-62-25 428 48 60 11.61 7 Cu 290-2
428 48 63 11.60 6 Cu 317-1

0-64-I 128 48 121 5.54 6 C0. 317-4
464 48 309 7.93 8 Cu 320-1

0-64-2 428 48 38 4.54 5 None 284-i
428 48 33 4.28 3 None 317-5

0-64-13 428 48 28 7.51 4 Cu 317-7

0-64-! 7 428 48 24 0.86 5 ('u 322-.

428 168 136 5.05 II Cu 321-1
464 48 39 3.1- 6 Cu 320-2

-o65.7 428 48 210 U.8(4 ('u 317-0
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Table 12. Summary of 428 and 464uF Oxidation-Corrosion
Test Results (Cont'd)

(Air rate 10 liters/hr; reflux)

Oil Sample Test 100"F Vis Neut. No., Sigificant Test
Code Temp, °F Time, hr Increase, % mg KOH/g wt% Attack* No.

0-65-16 428 48 32 5.S0 2 None 317.8

0-65-33 428 48 36 7.52 7 Cu 290-3
428 48 45 10.00 15 Ag, Cu 317-3

0-65-36 428 48 24 2.80 4 Cu 284-2
428 48 23 2.51 5 Cu 319-1

0-65-44 428 48 332 15.89 6 Cu 329-3

0-66.14 428 48 35 6.09 5 Cu 319-2

0-66-15 428 48 26 2.29 5 Cu 319-3

0-66-16 428 48 42 6.62 5 Cu 319-4

0-67-4 428 48 46 7.46 7 Cu 284-3
428 48 34 8.11 3 Cu 319-5

ATL-401 428 48 102 5.02 7 Cu 290-4

ATL-402 428 48 63 4.26 6 Cu 290-5

ATL-405 428 48 10 3.20 4 Cu 319-6

MLO-62-1005 428 48 20 1.07 8 Cu 319-7
428 168 112 0.45 18 Steel, Cu 321-2
464 48 238 1.48 8 Steel, Cu 320-3

MLO-62-1011 428 48 9 1.22 3 Cu 329-1
428 168 160 14.33 11 All 328-1
428t 168 174 (120 hr) 22.8 17 Mg 328-2
464 48 22 5.71 4 A], Ag 333-1

MLO-62-1012 428 48 40 37.6 5 Cu 329-2

MLO-63-1002 428 48 66 4.50 7 Cu 319-8
428 48 73 3.80 6 Cu 322-2
464 48 195 6.24 8 Cu 320-4

*Defined as a weight change of ±0.20 mp/cm 2, or more. Metal set II (Al, Ti, Ag, steel. Cu).
fTest performed with Mg added to metal set.
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Figure 4. Neutralization Number Data for Test Temperatures
of 428 and 464°F

Copper corrosion was encountered in a large majority of the runs described in Table 12. The unusual
occurrence of corrosion of mild steel as shown by MLO-62-1005 is in agroement with previous studies( 3 ) on this
fluid. At the 464°F test temperature, steel weight loss with this oil was in excess of 7 mg/cm2 . Instances of
significant metal attack with MLO-62-1011 were generally associated with a weight gain due to the
presence of a dark carbonaceous deposit. In the determination with magnesium added to the metal set, a
lesser deposit occurred although viscosity and acidity data showed increased detericration. The unique
phenomenon of metal attack by MLO-62-1011 at the various test conditions is outlined below by weight
change data given in mg/cm 2 :

4280F, 428 0F, 4280 F, 4640 F,
Metal 48 hr 168 hr 168 hr 48 hr

Al 0.00 +0.79 +0.16 +0.22
Ti -0.06 +0.51 0.00 +0.16
Ag 0.00 +0.39 -t-0.04 +0.20

Steel +0.04 +0.37 --0.06 +0 18
Cu -1.14 -0.41 -0.18 +0.1!-
Mg -- - Destroyed _ _
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I
SC. High-Temperature Test Results

Within the temperature range of 608 to 6800F, two polyphenyl ether materials and one experimental type
lubricant were evaluated, primarily with respect to variation of metal types in the corrosion specimen set. The test
series on the experimental fluid 0-64-20 is shown in Table 13. Although significant viscosity increases occurred at
the more severe te.st conditions, sample neutralization number remained very low throughout the series. At the
680°F temperature, sample cooling was encountered as a consequence of rapid and violent refluxing.

Table 13,. Summary of High-Temperature Oxidation-Corrosion Tests on 0-64-20

(Air tate 10 liters/hr; reflux)

Test Test Metal 1000 F Vis Neut. No., Oil Loss SignificantTest
Specimen MetalTemp, OF Time, hr Set increase, % mg KOH/g wt % Metal No.

Set Attack* M 22

608 48 1 18 0.04 2 Al, Ti. steel, Cu, Mg 272-2
608 48 1 !6 0.04 2 A], steel, Cu, Mg 300-1

608 48 II 18 0.08 1 Al. Ti. steel, Cu 272-5
608 48 !! 17 0.04 2 A], steel, Cu 300-2
608 48 1It 42 0.07 6 Al, Ag, steel 300-3
608 168 1 68 0.13 3 Ag, Cu, Mg 280-3
608 168 I! I 10 0.16 1 Ag, Cu 280-6
608 168 II 66 0.09 I Ag, Cu 313-1
644 48 I 45 0.10 i Ag, Cu, Mg 273-2
644 48 1 39 0.03 2 A], Ag, steel, Cu, Mg 302-1
644 48 Ii 48 0.08 2 Ag, Cu 273-5
644 48 II 38 0.03 j Al, Ag, steel, Cu 302-2
644 48 1I1 40 0.07 1 All 302-3
6801 48 I 156 0.01 5 Ag, steel, Cu, Mg 304-1
680f 48 II 87 0.01 5 Al, Ag, steel, Cu 304-2
680OT 48 Iii 124 0.03 4 Al, Ag, steel 304-3

Metal set 1: Al. Ti, Ag, steel, Cu. Mg
Metal set Ii: Al. Ti, Ag, steel, Cu
Metal set Ill: Al. Ti, Ag, steel

*Dteined as a weight change of ±0.20 mg/cm 2 . :)r more.
f Sample temperature dropped to 67001: at 16 hr and held thereafter due to violent refluxing,

The effects of metal specimen changes on 0-64-20 were generally inconclusive. On the basis of viscosity data,

the 48-hr/608'F conditions indicated a deleterious effect for the absence of copper (set Ill). Ilowever. this
phenomenon was not apparent at 6440 F. The 680'F condition showed a possible benet iciai effect for the absence of
magnesium (sets Ii and Ill), but at this viscosity level, and with an uncontrollable ,ample temperature, the result
may be ;-'ithin the range of experimental repeatability.

Several instances of metal attack witi U-04-2t) are noted in Table 13. Copper corrosion (weight loss) was
obtained in every test where the metal was present. Silver corrosion occurred at 'te 168-hr/608 0 F conditions and at

he two higher test temperatures. All other notations ot metal attack refer to weight gain due to th, presence of
specimen deposits not removed by the normal post-test procedure.

Table 14 presents high-temperature test data for 0-67-1 (a high-viscosity p,;yphenyl ether) and M-1041 (an
equal-part blend of 04-4-20 and 0-67-1 ). Two high-airflow determinations were performed with 0-67-1 and. in both
cases, the tests were terminated prior to 48 thr due to severe oil losses. Thus. data shown in Table 14 for these runs
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Table 14. Summary of High-Temperature Oxidatbon-Corrosion Tests on 0-67-1 and M-1041

_ _ _ _ _(Air rate 10 liters/hr; reflux)
S~Metal ]S;0,nificant

Test Test Ietamn 100°F Vis Neut. No., Oil Loss, Met Test
Temp, F Time, hr Increase, % mg KOH/g wt % No.eSet Attack*"

Lubricant 0-67-1

608t 40 IV 23 (24 hr) 0.10 (24 hr) 77 None 272-8

608 48 1 16 0.07 3 None 272-3
608 48 1 16 0.03 3 Cu 306-3
608 48 1 16 0.04 3 Cu 306-4
608 48 1 15 0.03 2 None 300-7
608 48 11 15 0.06 3 None 272-6
608 48 11 15 0.02 3 None 300-8
608 48 111 is 0.03 2 None 300-9
608 168 1 44 0.13 3 None 280-2
608 168 If 44 0.18 3 Cu 280-5

644t 24 IV 25 (I6 hr) 0.04 (16 hr) 75 None 273-8

644 4b 1 36 0.02 4 None 273-3
644 48 1 38 0.00 2 None 302-A
644 48 1 35 0.00 4 Cu 309-3
644 48 1 36 0.01 3 Steel 3094
644 48 i1 35 0.08 3 None 273-6
644 48 !1 37 0.00 2 None 302-5
644 48 111 43 0.06 2 None 302-6
680 48 I 302 0.10 3 None 304-4
680 48 if 290 0.09 5 Cu 304-5
680 48 11i 989 0.19 2 None 304-6

Lubicant M-1041

608 48 1 j 21 0.02 I ! g. Cu 310-1

644 48 I 130 0.14 2 Ag. steel, Cu, Mg 309-5

Metal set i: Al. Ti. Ag, steel, Cu, Mg
Metal set If: Al, Ti, Ag, steel, Cu
Metal set Ill Al, Ti, Ag, steel
Metal set IV : At, Ti, Ag, steel, SS, Cu

*Defined as a weight change of ±0.20 mg/crn 2 or more.
tAir rate 130 liters/hr, nonreflux.

were obtained on the penultimate samples. With the normal 10-liters/hr air rate, 0-67-1 demonstrated very satis-
factory oxidative stability at 608 and 644'F. The 680OF sample temperature resulted in appreciable viscosity
increases, but sample acidity remained low under all conditions.

A 48-hr, four-test repeat series was performed with 0-67-1 at 608 and 644°F using specimen set 1. At both
tempi•atures, the repeatability of viscosity and neutralization number data was excellent. However, results for metal
specimen attack were inconsistent. Two of four determinations at 608°F showed a significan* weight increase for
copper. At 644°F, one determination indicated a weight gain for copper and another run gave a wcight
increase for mild steel. The only instances of significant metal weight loss with 0-67-1 were the copper
specimens noted in tine 168-hr determination and in one run at 680"F.
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Results for two determinations on the 1:1 blend of 0-64-20 and 0-67-1 (code M-1041) are also given in Table
14. At 608'F, blend performance approximated that of the icast stable of the two constituents, viz., 0.64-20.
However, the 644°F determination indicated some incompatibility of the constituents in that sample neutralization
number and. particularly, viscosity were higher than corresponding data for either constituent under comparable test
conditions. Further, the 6440 F test on M-1041 revealed significant corrosion of steel and magnesium, which was not
shown by the constituents, as well as weight losses for silver and copper.

High-temperature test data for the 5P4E polyphenyl ether, F-1041, are listed in Table 15. As with 0-67-1, the
high-,airflow runs on F-1041 were prematurely terminated bccause of excessive oil losqes. In addition, many of the
low-airflow determinations at the more severe conditions were terminated as a consequence of sample gellation. In
comparisom with 0-64-20 and 0-67-1, lubricant F-1041 indicated appreciable deterioration, particularly as evidenced
by sample viscosity.

Table 15. Summary of High-Temperature Oxidation-Corrosion Tests on F-1041

(Air rate 10 liters/hr; reflux)

- Metal I 00°F Vis Neut. No., Oil Loss, M TestSpecimen
Temp, F Time, hr Set Increase, % mg KOH/g wt % Attack* No.

608*l 40 IV 28 (24 Hr) 0.02 (24 hr) 78 None 272-7
608 48 1 370 0.42 1 Cu, Mg 272-1
608 48 1 511 0.49 3 Ag, Cu 306-1
608 48 I 457 0.50 2 Ag, steel, Cu 306-2
608 48 I 269 0.22 3 Ag, Cu 300-4
608 48 !1 270 0.38 3 Ag, Cu 2724
608 48 il 501 0.49 7 Ag, Cu 300-5
608 48 Ill 1,111 0.63 3 Ag 300-6
608 168 I 1,790 (72 hr) 1. 13 (72 hr) 8 Ag, Cu 280-1
608 168 II 1,226 (72 hr) 0.33 (72 hr) 7 Ag, Cu 2804
o44t 24 IV 46 (16 hr) 0.01 (16 hf) 85 None 273-7
644 48 I 5,188 (40 hr) 0.30 2 Ag, Cu, Mg 273-1
644 48 I 3,517 (40 hr) 0.34 4 Ag, Cu 316-1
644 48 1 41,490 0.38 4 Ag, Cu 309-1
614 48 1 16,355 0.35 4 Ag, steel, Cu, Mg 309-2
644 48 If 4,158 (40 hr) 0.76 3 Ag, steel, Cu 273-4

Metal set I Al. li, Ag. steel,(u, Mg
Metal stt li: Al, I., Ag, steel, (u
Metal set III At, Ii. Ag, steel
Metal wt IV Al. Ii. Ag, steel, SS, Cu

*l)efincd as a weight change of 0.20 t mg/cm 2 or M~ore
.Ar rtti 13(0 liter,/hr, nonreflux

The repeal tests conducted on r'-1041 showed considerable variation of results for viscosity and neutralization
number. However, this phenomenon is not unexpected because of the relatively high level of lubricant degradation.
Ihi, variation of results was als) evident in the metal attack data. In this case, some reveisals were encountered with
regard it) specimen weight ioss or gain. This is illustrated by identification of the type of metal attack (- weight
change) Obtained in Ih. two, four-test series on F-I041 with metal set i:
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Significant Metal Attack
Run No. 48 hr/608OF 48 hr/644°F

I Cu-, Mg+ Ag-, Cu--, Mg+
2 Ag-, Cu- Ag-, Cu--
3 Ag--.steei 4-, Cu+ Ag-, Cu-
4 Ag-, Cu- Ag-, steel +, Cu--, Mg-

As a consequence of the variability of metal sFecimen data and the frequency of coupon deposits in the
high-temperature tests, a subsequent series of runs was performed using a specimen electrocleaning procedure
previou-ly described. Several lubricants were examined in this series, with summary data given in Table 16. It will be
noted that the direction of metal weigh! change is indicated in this table by the ± sign.

Three determinations were performed with experimental lubricant 0-66-10. The fluid demonstrated good
oxidative stability up to 650'F as evidenced by viscosity and neutralization number change. The variation of metal
specimen set at 650*F showed essentially no effect on lubricant performance. Application of the metal specimen
electrocleaniig procedure revealed the presence of significant steel corrosion in two tests with 0-66-10, and copper
corrosion in one determination.

A single test was conducted with experimental lubricant 0-66-26 (Table 16) at 600'F. A 20-percent viscosity
inrrease was obtained on the fluid. Sample neutralization number could not be determined due to the immiscibility
of the fluid in the normal toluene-isopk'opanol titration solvent. Lubricant 0-66-26 was also unique in that signifi-
cant corrosion of the titanium specimen occurred. This metal normally exhibits virtually inert characteristics in the
oxidation-corrosion test, even at high temperatures.

The series on 0-67-1 was performed to examine further the repeatability of the test at high temperature.
Viscosity and acidity results showed excellent correspondence, and are in good agreement with previous data (Table
14) at these conditions. Metal corrosion results, however, were less satisfactory in repeatability. After electro-
cleaning, all four determinations on 0-67-1 indicated significant copper corrosion, bu: only two of four showed
significant silver attack.

The 5P4ii polyphenyl ether, F-1041, was examined at 600 and 650'F using 20-liters/hr airflow and nonreflux.
The effect of metal specimen changes (set V vs set VI) was studied at each temperature. The trend observed was the
same at both temperatures; the addition of copper and magnesium (set VI) resulted in redcced viscosity and
neutralization number changes, although the 650°F runs were prematurely terminated Cue to sample gellation.

Lubricant G-1033 shown in Table 16 is identical to F-1041. The former sample was received at a later date
and, thus, assigned a distinguishing oil code number. The repeat test series at 608°i on G-1033, as well as the similar
series on F-1041, showed very satisfactory repeatability of viscosity and acidity data, considering the lubricants
individuwlly or in combination. The one apparent discrepancy with respect to test agreement was the final deter-
mination on G-1 033. This run did not exhibit the silver corrosion which was characteristic of earlier tests on both
G-1033 and F-1041. Further discussion of metal specimen data for the 0-67-I, F-1041, and G-1033 repeat test series
will be given subsequently.

A single test was made with the 5P4E polyphenyl ether, K-1054, also shown in Table 16. Under comparable
conditions, the fluid indicated a performance quite similar to that for F-1041, except for the occurrence of metal
attack. K-1054 did not exhibit silver or copper corrosion, but did show a significant weight gain for magnesium after
electrocleaning. The latter phenomenon resulted from a hard, oxide-type coating on the specimen, rather than the
usual carbonaceous-type deposit.

In general, the use of metal specimen electrocleaning proved to be of .:onsiderable value. Results shown in
Table 16 describe several instances of metJ corrosion which were obscured by the presence of carbonaceous
deposits following the normal cleaning procedure. Further. the precision of repeat test data for metal attack wa!
improved by electrocleaning. This is illustrated by detailed weight data for silver and copper onitaired in the multiple
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test series on 0-67-1, F-1041, and G-1033, and presented in Table 17. With 0-67-1, it is seen that the absolute value
of the standard deviation for silver attack increased after electrocleaning. However, when expressed as a percentage
of the mean, a considerable improvement in deviation was obtained by electrocleaning tor both silver and copper. A
similar effect was shown by the F-1041/G-1033 data, although, in this case, the improvement was less significant.

Table 17. Repeatability of High-Temperature Test
Corrosion Data

(Air rate 10 liters/hr; reflux; 48 hr at 608*F;

metal specimen set I.)

Weight Change, mg/cm 2

Normal Cpeaning Elactrocleanin
Cu u Ag T Cu

Lubricant 0-67-1

+0.04 -0.20 -0.26 -0.53
+0.02 -0.24 -0.24 -.0.45
-0,06 -0.04 -0.10 -0.37
-0.06 -0.10 --0.06 -0.47

Plean -0.015 -0.145 -0.165 -0.455
Standard Deviation 0.053 0.091 0.100 0.066
Standard Deviation as

f % of Me6,,, 353 63 61 i 1 -

Lubricants F-1041 and G-1033

S--0.18 --1.18 -0.77 -1.46
-0.32 -1.01 -.0.43 -1.40
-0.36 -1.03 - ).36 -1.60
-0.36 --0.99 --o.47 -1.54
--0.28 -1.05 -.0.75 -' .44
-0.22 -1.20 -0.69 -1 52
-0.36 0.95 -0.41 -i.54
+0.02 - 1.24 -0.08 1.58

Mean -0.258 1.081 -0.495 1.510
Standard Deviation 0.131 0.109 0.233 0.070
Standard Deviation as
% of Mean 51 10 47 S
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SECTION V

CONCLUSIONS

Using an 18-hr oxidation-corrosion test procedure,( 1 ,3) six lubricants were evaluated with respect to tempera-
ture tolerance as reflected by I 000 F viscosity increase. Satisfactory performance was attributed to those lubricants
which did not exceed a viscosity increase of 100 percent. On this basis, four of the six fluids were satisfactory at
425 0 F test temperature, but none was acceptable at 4500 F.

A large number of determinations were conducted at a 385°F test temperature using airflow conditions of 130
liters/hr, reflux or nonreflux, and 10 liters/hr, reflux. Most test samples were unaffected by refluxing at the high

* airflow. However, certain fluids indicated improved stability, while others showed a deleterious effect for reflux of
condensable vapors. All test lubricants exhibited reduced degradation rates at 10 liters/hi, in comparison with the
high airflow data.

Test results at 385OF with various lubricant blends revealed some incompatibility of lubricants 0-65-18 and
0-65-21 at certain blend ratios. This effect points out an apparent discrepancy in lubricant batches in that the
phenomenon did not occur in similar blend tests with 0-65-19 and 0-65-21 --the former being a different batch of
0-65-18.

A test series in the temperature range of 385 to 401'F was performed whereby lubricant breakpoint per-
formance criteria were applied. With primary emphasis on neutralization number breakpoint, it is concluded that
these parameters represent useful measures of lubricant performance. Furthermore, on the basis of comparisons with
long-duration test data at 347"F, it is tentatively concluded that the neutralization number breakpoint obtained in
short-duration, higher temperature tests will satisfactorily predict relative lubricant performance ranking. It is,
however, recommended that this time-temperatureý relationship receive additioral study for confirmation.

Within the temperature range of 385 to 401"F, several test variations were examined with respect to the
composition of the met.! specimen set. These variation3, in many instances, resulted in significant and diverse
changes in lubricant performance. The most consistent effect noted in this study was the frequency of improvement
of sample stability in the absence of a pure copper specimen.

Several lubricants were evaluated at moderately severe test temperatures of 428 and 464°F. This test series was
conducted prior to application of breakpoint criteria, and acceptable performance capability was described in terms
of an arbitrary neutralization number value of 5 mg KOH/g. On this basis, 10 of 22 test lubricants were satisfactory
at conditions of 48 hr]428*F. Final neutralization numbers at these conditions ranged from 0.86 to 37.6 mg KOH/g.
At test conditions of 48 hr/464*F, only two of five fluids examined showed acidity values less than 5 mg KOHl/g. Of
three lubricants subjected to test conditions of 168 hr/428 0 F, only MLO-62-1005 showed acceptable performance as
evidenced by sample neutralization number.

A number of polyphenyl ether and experimental-type fluids were evaluated in a high-temperature test series
ranging from 600 to 680'F. The effects of various metal specimen sets were investigated in this series, but the
performance changes due to these variations were generally inconclusive. Isolated runs, however, did show a bene-
ficial effect for the presence of copper with 5P4E polyphenyl ether. This effect contrasts with that shown by copper
in many low-tempetature tesis with ester-type fluids.

Several reruns were conducted in the high-tempetatLre series to examine the repeatability of results. In all
cases, very satisfactory agreement was obtained for viscosity and acid number data. However, poor agreement of
metal corrosion results was observed. Subsequent determinations using metal specimen electrocleaning served to
improve the precision of corros;a data, but sigiiificant deviations persisted for some tests.
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